model of depression and provide further insight into the stabilized physiological underpinnings of natural resilience.
Although homeostatic plasticity describes much of our current findings, the counterintuitive process by which ionic, cellular, and behavioral alterations are achieved and its close similarity to natural stress-resilience remains surprising. Recently, cell type-specific and neural circuit-probing optogenetic approaches have assisted in unraveling multiple unforeseen functions of the brain's reward DA neurons (9, 11, 22, 23, 26, 33) . By revealing a previously uncharacterized ionic mechanism of intrinsic homeostatic plasticity, we are bringing new insight to the complex functions of these neurons. Notably, the experimentally induced homeostatic plasticity in VTA-NAc-projecting neurons is triggered by enhancing stress-activated I h current and stress-induced neuronal hyperactivity. Therefore, rather than reversing the underlying disruption or pathological mechanisms, the stress-activated pathogenic changes can be beneficially used to achieve treatment efficacy (fig. S14). It is interesting that reversing pathological adaptations rapidly induces antidepressant effects (9, 11) , whereas chronic manipulations are needed to promote active resilient mechanisms and to achieve treatment efficacy. Overall, our findings not only unravel a critical self-stabilizing capacity of midbrain DA neurons in the brain's reward circuit, but also identify a conceptually different therapeutic strategy of promoting natural resilience.
This may provide useful information for the development of naturally acting antidepressants. Myelin is a defining feature of the vertebrate nervous system. Variability in the thickness of the myelin envelope is a structural feature affecting the conduction of neuronal signals. Conversely, the distribution of myelinated tracts along the length of axons has been assumed to be uniform. Here, we traced high-throughput electron microscopy reconstructions of single axons of pyramidal neurons in the mouse neocortex and built high-resolution maps of myelination. We find that individual neurons have distinct longitudinal distribution of myelin. Neurons in the superficial layers displayed the most diversified profiles, including a new pattern where myelinated segments are interspersed with long, unmyelinated tracts. Our data indicate that the profile of longitudinal distribution of myelin is an integral feature of neuronal identity and may have evolved as a strategy to modulate long-distance communication in the neocortex.
M yelin plays critical roles in enabling complex neuronal function, including learning and cognition, and abnormal myelination is associated with neurological disorders and mental illnesses (1, 2) . Given the importance of myelin for network behavior, realistic models of structure-function relations in the central nervous system (CNS) must be built in consideration of myelin structure and distribution as fundamental elements. Among all myelinated axons, the thickness of the myelin sheath varies greatly, and it is a major determinant of the speed of impulse propagation (1). However, structural features other than myelin thickness have the potential to contribute to establishing and modulating conduction velocity and network behavior. In particular, the alternating sequence of nodes and internodes along each axon could affect conduction speed.
High-resolution maps of myelin distribution along individual axons are not currently available. Furthermore, it is not known whether different neurons are endowed with signature patterns of longitudinal myelination. This analysis has been hampered by the technical difficulty of tracing single, long, winding axons through the complex milieu of the CNS, a task that requires electron microscopy (EM) serial reconstructions of large volumes of tissue. Fortunately, however, large EM data sets that allow analysis of myelin are beginning to be available (3, 4) . Here, using the neocortex as a prominent model of neuronal diversity, we traced the distribution of myelin along a large set of individual pyramidal neuron axons 1 to understand whether myelin properties differ among different types of neurons. Pyramidal neurons occupy different cortical layers; have distinct molecular and long-distance connectivity properties; and compute the highest-level cognitive, sensory, and motor functions of the mammalian CNS (5, 6) .
We first assessed the distribution of myelin within the adult mouse somatosensory (S1) cortex. Immunohistochemistry for myelin basic protein (MBP) and the transcription factor Cux1 [a marker of layers II to IV pyramidal neurons (7)] showed that the lowest levels of myelin correspond to layer II/III, whereas layer IV neurons reside in an intermediate domain and layers V and VI are the most densely myelinated (Fig. 1A) . The same pattern of myelin distribution was evolutionarily conserved in primates, including humans, and it is maintained in the aged cortex ( fig. S1 ). To determine whether a correlation exists between this myelin gradient and the longitudinal deposition of myelin along axons of different neurons, we performed Golgi-Cox staining, which labels neuronal somas, dendrites, and unmyelinated axons [but not the myelinated segments of axons (8)]. We found that the distance between the axon hillock and the beginning of the first internode, which we refer to as premyelin axonal segment (PMAS), was inversely correlated with the distance of the neuron soma from the pia (Fig. 1B) . This result suggests that neurons in different layers display different profiles of longitudinal myelination.
In order to follow individual axons at higher resolution and over long distances, we used two high-throughput EM serial reconstruction data sets spanning large volumes of the adult neocortex. The first data set spans a 500 × 1000 × 61 mm (9) and is available for download at (www.openconnectomeproject.org). In order to trace individual axons, we used VASTvolume annotation and segmentation tool (see methods)-to reconstruct single neurons, their processes, and associated myelin over long distances (movie S1). These tracings can all be reproduced using the TrakEM2 plug-in of the Fiji framework (10) .
We traced 38 axons from neurons located in layers III through VI of the S1 data set. Neurons in layer II/III could not be traced in the S1 data set because of slice folding in the outermost part of the cortex. To map myelin distribution in these more superficial layers, we therefore used the V1 data set and traced a total of 22 additional neurons located in layer II/III ( Fig. 2 and table S1 ). A movie showing the reconstruction and tracing of a representative neuron from layer II/III is shown in movie S1. First, we normalized the length of the myelinated tracts on each axon to the total axonal length traced. In agreement with MBP distribution, we found that axons in layer V and VI have a total myelin coverage higher than axons in layers II/III (layer V to VI, 63.0 T 5.6% coverage, n = 12; layer III to IV, 56.7 T 4.2% coverage, n = 26; layer II/III, 37 T 4.3% coverage, n = 22; means T SEM, P ≤ 0.001) ( fig. S2, A and B, and movies S2 and S3). In addition, as indicated by the Golgi-Cox staining, the PMAS length of layer III and IV neurons was significantly longer than that of layer Vand VI neurons (layer III to IV, 48.4 T 3.5 mm, n = 26; layer V to VI, 33.7 T 2.4 mm, n = 12; means T SEM, P = 0.00017) (Fig. 1C) .
Notably, the majority of the neurons traced in layer II/III displayed a pattern of longitudinal myelination that had never been described before in the CNS. Out of 22 neurons, 17 had myelinated axonal tracts of variable lengths (ranging between 18.28 mm and 57.36 mm), which were intercalated with long unmyelinated segments (up to 55.39 mm in length) (Fig. 2 and fig. S3 ). These myelin gaps were longer than typical nodes of Ranvier (1 to 2 mm) (1, 2). In contrast to layer II/III neurons, 9 out of 12 neurons traced in layers V to VI presented long myelinated tracts interrupted by nodes of Ranvier, and three neurons showed short myelin gaps (7.3, 16.4, and 20.4 mm) (Fig. 1C, red  neuron, and fig. S4 ). This suggests that intermittent myelination is a signature of layer II/III pyramidal neurons and that not all neurons display the same longitudinal profiles of myelination. Layer II/III pyramidal neurons are involved in elaborate cortical activities and exhibit a higher degree of molecular and electrophysiological heterogeneity than layer V and VI neurons (11) . The observed structural heterogeneity might contribute to the functional diversity of this complex neuronal population and be important when modeling neuronal function and network behavior in the neocortex.
In addition to the 17 neurons with intermittent myelination, we found that three neurons in layer II/III had exceptionally long PMASs (142.5, 121.6, and 101.2 mm) (Fig. 2 and fig. S3 ). Finally, we found two neurons whose axons were unmyelinated until the lower border of the data set (for a total distance of 208.4 mm and 193.1 mm, respectively) ( Fig. 2 and fig. S3 ). Although we cannot exclude the possibility that these axons become myelinated farther along their path, they likely represent unmyelinated axons found in the corpus callosum (12) . It is interesting that these three profiles of myelination can be found in neurons located in immediately adjacent positions within the same cortical layer (Fig. 2C) .
To determine whether defined structural features are present along the unmyelinated segments of the layer II/III neurons that we traced, we examined them for the presence of synapses. We found that both afferent and efferent synapses exist on these unmyelinated tracts, including those of neurons with intermittent myelin (Fig. 2B, fig.  S5, and table S2) . Together, these features may provide a structural template for enhanced cortical plasticity.
In the peripheral nervous system, myelination is correlated with axon caliber (1, 2) . Although in the CNS this correlation is less stringent, because diameters of myelinated and unmyelinated axons overlap (2), nevertheless, axonal caliber may affect the myelin patterns that we observed. To investigate this possibility, we reconstructed the volumes of 283 cell bodies of pyramidal neurons across all layers of the S1 data set (Fig. 3A) . We used these volumetric measurements as the most www.sciencemag.org SCIENCE VOL 344 18 APRIL 2014 reliable indicator of average axon caliber, which is correlated with soma size (13, 14) . All pyramidal neurons in layers II/III, IV, and VI had comparable sizes (layer II/III, 1654.3 T 38.6 mm , n = 54; means T SEM) (Fig. 3A) . Layer V contained pyramidal neurons of different sizes (average volume = 2277.1 T 82.4 mm 3 , n = 82; mean T SEM), including large neurons likely representing subcerebral projection neurons (Fig. 3A) . Despite different soma volumes, all neurons traced in layer V had comparable profiles of myelination and PMAS lengths ( fig. S4 and Fig. 3A) . We also performed volumetric measurements of all neurons reconstructed in the V1 data set and found that they were all comparable in volume regardless of their myelination profiles ("long-PMAS" neurons, 1229.8 T 110.7 mm 3 ; "unmyelinated" neurons, 1410.9 T 29.1 mm 3 ; "intermittent myelin" neurons, 1220.2 T 58 mm 3 ; means T SEM) (Fig. 3B) . Thus, we observed no correlation between neuronal soma size (and thus axon caliber) and profile of myelination.
Another possible determinant of myelin distribution may relate to availability of mature oligodendrocytes (OLs) and oligodendrocyte progenitors (OPCs) around different neurons. We quantified the radial distribution of OPCs and OLs in the cortex. Sox10 + cells, which include both OLs and OPCs (15) , were present in all layers (Fig. 3C) . Thus, we quantified the distribution of OPCs and OLs separately. We found no difference in the radial distribution of OPCs, labeled by plateletderived growth factor a (Pdgfra) (1) (Fig. 3C) . These data indicate that OPCs are not prevented from populating the upper layers of the cortex. In contrast, mature OLs, which are marked by proteolipid protein 1 (Plp1) (1) and adenomatous polyposis coli (APC) (16) , showed a radial distribution that matched the myelin gradient, with the vast majority residing in the deep layers (Fig.  3C) . Our results indicate that the observed layerspecific differences in myelination are not due to the absence of OPCs in the upper layers but rather to their lamina-specific capacity to generate mature OLs.
Both OL development and myelin biogenesis are influenced by neuron-derived signals (17) (18) (19) (20) . Thus, the observed laminar differences in OPCs ability to give rise to OLs suggest influence of different neurons on OL development and point to a role of neuronal diversity in modulating myelin distribution in different layers. To test this possibility, we investigated how misplacement of pyramidal neurons into different layers affects myelination of the cortex using two models of aberrant neuronal migration, Dab1 -/-(21) and Emx1-Cre;RhoA fl/fl mice (22) . In the neocortex of the Dab1 -/-mice, the radial position of pyramidal neurons is nearly inverted, with neurons of layers V and VI [labeled by Ctip2 (6)] ectopically located in the upper layers and those of upper layers (labeled by Cux1) located in the deep layers (21, 23, 24) . In this mutant cortex, the gradient of myelination was lost, and comparable levels of myelin (labeled by MBP and Black Gold II) were detected in all layers (Fig. 4B) . This altered myelination profile was reflected in the even distribution of APC + OLs in all layers of the mutant cortex (Fig. 4B) . As the class-specific identity of pyramidal neurons in these mice is not www.sciencemag.org SCIENCE VOL 344 18 APRIL 2014 affected (25), our results suggest that different classes of pyramidal neurons are endowed with different abilities to affect OL distribution and myelination. To further investigate this possibility, we sought to determine whether a focal alteration in pyramidal neuron position, rather than the global change present in the Dab1 -/-mouse cortex, affected myelination. In the Emx1-Cre;RhoA f l/f l mice, defects in the radial glia cytoskeleton result in the generation of a secondary cortical tissue, called subcortical band heterotopia (SBH), which develops underneath a thinner neocortex (normocortex) (22) . This model presents two types of focal abnormalities. First, SBH is mostly constituted by Cux1 + upper-layer pyramidal neurons with only scattered Ctip2 + neurons (Fig. 4C) . Second, heterotopias composed of deep-layer neurons located within the upper layers can be found in the mutant normocortex (22) . In both the SBH and the cortical heterotopias, we observed association between the presence of Ctip2 + deep-layer neurons and the ectopic distribution of APC + OLs and myelin (Fig. 4C) . Thus, changes in the laminar composition of pyramidal neurons affect the distribution of myelinating OLs, and pyramidal neurons of the upper and deep layers differentially influence myelin formation.
Here, we describe myelin distribution along single axons in the murine brain. We demonstrate that pyramidal neurons of different neocortical layers present signature profiles of myelination, which indicates that longitudinal myelin deposition is a defining feature of each neuron. This contributes to the emergence of a myelin gradient that reflects idiosyncratic interactions between pyramidal neurons and oligodendrocytes.
Although the functional significance of these heterogeneous profiles of myelination awaits future elucidation, we propose that it may have served the evolutionary expansion and diversification of the neocortex by enabling the generation of different arrays of communication mechanisms and the emergence of highly complex neuronal behaviors.
